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The optical emission of InGaN quantum dots embedded in GaN nanowires is dynamically controlled by a 
surface acoustic wave (SAW). The emission energy of both the exciton and biexciton lines is modulated over a 
1.5 meV range at ~330 MHz. A small but systematic difference in the exciton and biexciton spectral modulation 
reveals a linear change of the biexciton binding energy with the SAW amplitude. The present results are relevant 
for the dynamic control of individual single photon emitters based on nitride semiconductors.  
Surface acoustic waves induce periodic strain and piezoelectric fields near a semiconductor surface which can dynamically 
modify their basic properties. The use of SAWs is an expanding research field, which has been widely applied to semiconductor 
quantum wells (QWs)1-3, wires4-6 and dots (QDs)7-11.  
By controlling the excitonic emission in III-V semiconductor QDs by SAWs, high repetition rate single photon sources 
(SPSs)7-9 and periodic laser mode feeding12 have been reported. Also, dynamic control of individual QDs11 and on-demand 
single-electron transfer between distant quantum dots13 have been demonstrated. In a more general context, a proposal for on-
chip quantum transducers based on SAWs enabling long-range coupling of many qubits has been recently put forward14. In 
addition to the band-edge modulation, which determines the QD emission wavelength, the tunable strain field of the SAW can 
be used to modify other properties related to the band structure, as the exciton binding energy, in a similar way as static strain 
field15.  
While most of the SAW-related work reported in semiconductor structures refers to III-V systems, studies on group III-
Nitrides are scarce. Extension of these techniques to group III-Nitride systems is important, as their large gap enables high-
power/high-temperature applications and high repetition rate SPSs covering a broad spectral range. Also, the high sound 
velocities and the stronger electromechanical coupling coefficients of nitrides, as compared to (Al,Ga)As materials16, allow for 
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high frequency applications. While experiments on modulation of the electronic properties of GaN films17 as well as transport 
of charge carriers in GaN nanowires5 by SAWs have been reported, studies on acoustically driven modulation of the optical 
emission of nitride-based QDs have not yet been demonstrated.  
In this letter we use a SAW to periodically modulate the emission wavelength of individual InGaN QDs immersed in GaN 
nanowires. The dynamic strain field of the SAW transferred to the QDs results in an alternating shift of the QD transition 
energy at the acoustic frequency of ~330 MHz within a bandwidth up to ~1.5 meV. The small difference in the modulation 
amplitudes of the exciton (X) and biexciton (XX) QD lines indicate the influences of the SAW fields on the biexciton binding 
energy. The energy splitting of the X and XX emission scales linearly with the acoustic amplitude, showing that the main effect 
on the QD electronic structure is due to the strain field of the SAW, with a possible contributions of the SAW piezoelectric 
field along the nanowire c-axis. The nitride-based dot-in-a-nanowire heterostructures presented here are efficient SPS18 and can 
be precisely arranged in periodic two-dimensional arrays19. Thus, the present results are an important step towards the 
development of single photon sources working at high temperature20, high repetition rates and broad spectral range18, with 
simultaneous spatial and time control.  
 The InGaN/GaN nanowire heterostructures were fabricated by plasma-assisted molecular beam epitaxy (PA-MBE) on 
(0001) GaN-on-sapphire templates21. The nanowires have a typical height of ~500 nm and a diameter of ~200 nm. They exhibit 
hexagonal cross section with lateral facets defined by non-polar m-planes and a pyramidal top profile formed by six semi-polar 
r-facets. This profile determines the shape of the InGaN nano-disks embedded inside the GaN nanowire tips18,21. The 
transmission electron microscope (TEM) micrograph of an individual nanowire in Fig. 1(a) reveals the presence of two InGaN 
sections: a thicker one (~30 nm) formed on the polar facet close to the nanowire top and a narrower (~20 nm thick) one on 
semi-polar side facets. As detailed in our previous work18, the QDs under study are formed by fluctuations of the indium content 
in the topmost InGaN region.  
For SAW experiments, the nanowire heterostructures were mechanically transferred onto a SAW delay line consisting of 
two interdigitated transducers (IDTs) lithographically defined on the surface of a 128° Y-cut lithium niobate (LiNbO3) 
substrate. A schematic of the device is shown in Fig. 1 (b). We employed floating electrode unidirectional IDTs22 with a length 
of ~700 µm and an aperture of ~400 µm (approximately equal to the IDT finger length) designed to generate SAWs with an 
acoustic wavelength of λ"#$ = 11.67	µm, corresponding to a SAW frequency and period of f"#$ = 338	MHz and T"#$ =
2.96	ns, respectively, at the measurement temperature 𝑇𝑇 = 10	𝐾𝐾. Note that the exciton decay time in these nanowire-QDs is 
~1.3 ns18, i.e. comparable to T"#$/2.  The amplitude of the SAW will be specified in terms of the nominal radio-frequency (rf) 
power (P=>) applied to the IDT, without correction for the rf coupling losses. By measuring the rf reflection and transmission 
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spectra using a network analyzer, we determine that only about 30% of the input electrical power applied to the IDT turns into 
acoustic power. The use of a highly piezo-electric LiNbO3 crystal provides strong strain and electric fields of the propagating 
SAW, which extend to the optically active nanowire heterostructures deposited on the surface5,6,23,24. 
 
FIG. 1. (a) TEM micrograph of a single nanowire revealing the shape and size of the InGaN nano-disk (marked with dashed 
lines) embedded inside the nanowire apex18. (b) Schematics of the studied device consisting of a LiNbO3 SAW-chip equipped with 
IDTs and InGaN/GaN nanowire heterostructures dispersed on the SAW propagation path. The Rayleigh-type SAWs are electrically 
generated by applying an rf voltage to one of the IDTs. The PL is excited under direct illumination by a focused laser beam. The 
nanowire orientation in (b) is arbitrary and its length is not in scale. 
The micro-photoluminescence (µ-PL) experiments were performed at 10 K on a sample mounted in a cold-finger liquid 
helium flow cryostat equipped with rf connections for the excitation of the IDTs. A continuous wave helium-cadmium laser 
operating at λ?@A = 442	nm was used for PL excitation. The laser spot was focused by a 100× microscope objective (NA =
0.73) to a < 1.5	µm diameter spot. The emitted PL was collected by the same objective and dispersed by a single grating 
monochromator (with an overall spectral resolution of ~350 µeV) equipped with a liquid N2 cooled Si-CCD camera for time-
integrated signal detection. For polarization analysis a rotatable half-wave retardation plate and a fixed linear polarizer were 
placed in front of the monochromator entrance slit, with 0⁰ denoting the SAW propagation direction (𝑥𝑥-axis in Fig. 1(b)).  
Because the excitation energy (E?@A = 2.805	eV) is lower than the radiative transitions related to the GaN nanowire25 and 
the InGaN region formed on semi-polar side facets18, carriers are only generated in the apex of the InGaN disk. A typical low-
temperature µ-PL spectrum recorded at laser excitation power P?@A = 6	µW from dispersed nanowires consists of a series of 
sharp QD lines on top of a broader background emission. The sharp PL features are attributed to the recombination of photo-
generated carriers in QD-like localizing potentials in the topmost InGaN regions18. The background emission is due to regions 
in the InGaN apex without QD-like confinement, as well as different nanowires simultaneously probed by the laser spot. For 
the experiments discussed in this paper, we focus on a group of QD lines depicted in Fig. 2(a). In the absence of a SAW (upper 
trace), we observe two narrow (FWHM < 500	µeV) PL peaks appearing at ~2.564 and ~2.587 eV corresponding to the 
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recombination of the exciton (X) and the biexciton (XX) of the same nanowire-QD. This is corroborated by polarization-
resolved PL measurements (Fig. 2(b)), which show collinear polarization of the two emission lines with a similar polarization 
degree (~64%). The linearly polarized emission is due to the valence band mixing induced by the in-plane anisotropy of the 
QD confinement potential26. The peak at 2.585 eV (marked with asterisk in Fig. 2(b)) originates from a different QD, as: (i) it 
does not couple to the SAW field (see below) and (ii) it exhibits different polarization direction and ratio (~80%) (cf. Fig. 2(b)). 
The latter is consistent with the random asymmetry of our nanowires QDs formed by InGaN alloy fluctuations27. 
  The X and XX assignment is attested by measuring their integrated PL intensities as a function of the optical pump power 
(cf. Fig. 2(c)).  Below the saturation limit of ~6 µW, the 2.564-eV (2.587-eV) emission line develops linear (quadratic) power 
dependence, expected for the ground-state neutral exciton (biexciton). The energy difference between the X and XX peaks 
gives a biexciton binding energy ENNO = EN − ENN = −22.9	meV. The negative binding energy, commonly observed in III-
Nitride QDs with inherently large built-in electric fields, is indicative of strong confinement27,28.  
 
FIG. 2.  (a) Low-temperature µ-PL spectrum from a nanowire-QD showing a change in the exciton (X) and biexciton (XX) 
line structure under the influence of a SAW: upper (lower) trace is recorded in the absence (presence, 𝐏𝐏𝐑𝐑𝐑𝐑 = 𝟐𝟐𝟐𝟐	𝐝𝐝𝐝𝐝𝐝𝐝) of a SAW. 
The peak marked with an asterisk corresponds to a different nanowire-QD. (b) Polar plots of the integrated peak intensities (with 
no SAW present) and the corresponding cosine square fits of the PL lines in (a) marked with X (filled squares), XX (open circles) 
and an asterisk (filled stars). (c) Excitation power dependence of the X (filled squares) and XX (open circles) emission lines in the 
absence of a SAW. Solid lines are fits to the experimental data.  
When the SAW is applied (lower trace in Fig. 2(a)), the emission spectrum undergoes an apparent splitting of the X and 
XX emission lines into two components. Instead, the PL peak at 2.585 eV remains practically unchanged under the SAW, 
indicating that it originates from a different nanowire heterostructure within the laser spot, which is weakly affected by the 
SAW. Actually, the fraction of dispersed nanowires which couple efficiently to the SAW is low (a few percent), probably due 
to their random orientation resulting in random mechanical contact between the nanowire top (containing the QD) and the 
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underlying substrate. The evolution of the X and XX transition energies with increasing SAW amplitude (which is directly 
proportional to the square root of the rf power, P=>) is summarized in Figs. 3(a) and 3(b), respectively. In order to discriminate 
SAW effects from those induced by heating of the sample at high PRF, the laser excitation and the rf signal were chopped at the 
same frequency of 250 Hz17. By recording, for each acoustic power, the PL spectrum with the optical and rf excitations in-
phase (SAW plus thermal effects) and out-of-phase (only thermal effects), we detected no significant rf-induced thermal 
contribution on the PL peak position and intensity. The observed changes of the X and XX emission energies can, therefore, 
be solely attributed to the dynamic modulation of the QD optical transitions induced by the strain and piezoelectric fields 
accompanying the SAW in LiNbO3 substrate, as reported for (In,Ga)As QDs in Refs.11,24. The strain field and its corresponding 
hydrostatic pressure create alternating regions of maximum compression and tension separated by λ"#$/2. This, in turn, 
induces a deformation potential modulation of the QD energy levels, causing a periodic shift of the transition energies with 
respect to their equilibrium energy in the absence of a SAW. The energy shifts induced by the SAW strain should increase 
linearly with the acoustic amplitude11,24 and are expected to be a dominant tuning mechanism at low SAW intensities.  
Spectral shifts associated with quantum confined Stark effect (QCSE) governed by the oscillating piezo-electric field of the 
SAW exhibit in general a quadratic dependence on SAW amplitude24, and are likely to contribute mostly at large SAW 
amplitudes. However, in polar c-plane III-Nitride QDs with large polarization-related fields (typically of several MV/cm), 
electric fields applied parallel29,30 to the QD polar axis give rise to “linear” Stark effect. In our experiment, according to 
calculations based on the method described in Ref.31, a SAW excited at 𝑃𝑃Z[ = 25	𝑑𝑑𝑑𝑑𝑑𝑑 produces a dominant strain component 
(0.05%) along the wave direction (x-axis in Fig. 1(b)). At times during the acoustic cycle corresponding to maximum 
compressive or tensile strain, only the transverse component (of the order of few kV/cm) of the oscillating SAW piezoelectric 
field (i.e. along z-axis in Fig. 1(b)) is present. To try to distinguish between the effects of strain and piezoelectric field during 
the SAW half-cycles corresponding to maximum tension and compression, the emission spectrum in Fig. 2(a) was recorded 
for different laser excitation powers in the absence and presence of a SAW (Fig. 3(c)). When no SAW is applied the X emission 
energy undergoes an apparent blueshift (up to 300 µeV) with increasing pump power (empty squares), indicating partial 
screening of the large internal electric field by carriers photo-generated in the InGaN regions. For nanowire-QDs with the c-
axis parallel to the SAW piezoelectric field, the energy splitting induced by the acousto-electric effect is also expected to change 
at high optical pumping. No change in splitting is observed in our case even at high excitation intensities (well above the X and 
XX saturation limit), as shown for the X line in Fig. 3(c) (filled squares). This suggests that the electric field parallel the c-axis 
has a minor influence on the observed energy splitting of the X and XX peaks. Considering that the excitonic transitions in our 
nanowire-QDs are polarized in the growth plane (i.e. perpendicular to the nanowire axis)18, the polarization-resolved 
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measurements in Fig. 2(b) imply that the nanowire under study is perpendicular to the SAW propagation direction. However, 
its exact orientation is difficult to determine due to the presence of serval nanowires within the excitation spot. We can exclude, 
in principle, any effect of the SAW piezoelectric field perpendicular to the QD polar axis, if we assume QD symmetry around 
the c-axis. In such case, the effect of this field should not depend on its direction (i.e. positive or negative field)32, which is 
contrary to the observed symmetric splitting of the X and XX peaks around their equilibrium energies when no SAW is applied 
(Fig 3(a) and (b)).  
 
FIG. 3.  False-color plot of X (a) and XX (b) emission lines as a function of the SAW amplitude (∝ 𝐏𝐏𝐑𝐑𝐑𝐑) showing a 
pronounced splitting of the excitonic transitions into a doublet consisting of lowest (𝐄𝐄𝐗𝐗 𝐗𝐗𝐗𝐗 ,𝐝𝐝𝐦𝐦𝐦𝐦) and highest (𝐄𝐄𝐗𝐗 𝐗𝐗𝐗𝐗 ,𝐝𝐝𝐦𝐦𝐦𝐦) energy 
values separated by ∆𝐄𝐄𝐗𝐗(𝐗𝐗𝐗𝐗). The 𝐄𝐄𝐗𝐗 𝐗𝐗𝐗𝐗 ,𝐝𝐝𝐦𝐦𝐦𝐦 and 𝐄𝐄𝐗𝐗 𝐗𝐗𝐗𝐗 ,𝐝𝐝𝐦𝐦𝐦𝐦 values for different acoustic powers are indicated by dots. (c) Excitation 
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power dependence of the exciton energy (open squares) and SAW-induced splitting (filled squares).  (d) Energy splitting of the X 
(squares) and XX (open circles) emission lines extracted from (a) and (b), respectively, as a function of 𝐏𝐏𝐑𝐑𝐑𝐑. Lines are power-
law fits to the experimental data indicative of deformation potential coupling. (e) Acousto-mechanically induced variation of the 
XX binding energy (𝐄𝐄𝐗𝐗𝐗𝐗𝐛𝐛 ). Solid lines are guides to the eye, indicating a decrease (increase) of 𝐄𝐄𝐗𝐗𝐗𝐗𝐛𝐛  under compressive (tensile) 
strain. The dashed line denotes unperturbed 𝐄𝐄𝐗𝐗𝐗𝐗𝐛𝐛  value in the absence of a SAW.  
The evolution of the spectra of Figs. 3(a) and 3(b) can thus be associated with the acousto-mechanical modulation of the 
QD band structure together with a possible contribution of the piezoelectric field in the linear Stark effect regime. However, 
this contribution seems to be small, as shown by the lack of screening mentioned above. The energy separation between split 
doublet lines (∆EN(NN) = EN NN ,kl@ − EN NN ,kmn) reflects the difference between the transition energies corresponding to 
maximum compressive (EN NN ,kl@) and tensile (EN NN ,kmn) strain. The values of ∆EN (full squares) and ∆ENN (open circles) 
extracted from Figs. 3(a) and 3(b), respectively, are plotted in Fig. 3(d) as a function of the SAW amplitude. The magnitude of 
∆EN (∆ENN) continuously increases with increasing P=>, reaching a maximum of ∆EN = 1.51	meV (∆ENN = 1.62	meV) for the 
highest SAW intensity at P=> = 25	dBm. From this ∆EN value, using deformation potentials for InGaN
33 and neglecting the 
contribution form the SAW piezoelectric field, we estimate an approximate strain value in the QD of the order of 0.04%. This 
value is comparable to the calculated 0.05% strain component at the LiNbO3 surface along the SAW propagation, thus 
indicating high mechanical coupling of the present nanowire to the SAW. Contrary to the ideal linear trend expected for 
deformation potential coupling, the sub-linear dependence of ∆EN and ∆ENN on the acoustic amplitude (solid lines in Fig. 3(d)) 
can be ascribed to both quantum confinement-induced (also responsible for linearly polarized X and XX emission) and SAW 
induced valence band mixing. In analogy to GaAs/AlGaAs QWs2, for mixed hole states, the modulation of the valence-band-
edge deviates from a sinusoidal shape resulting in the observed behavior.  
The small difference between ∆EN and  ∆ENN in Fig. 3(d) reflects the variation of the biexciton binding energy ENNO  upon 
acoustic excitation. This becomes evident in Fig. 3(e) which displays the P=>-dependence of ENNO  under maximum 
compressive (circles) and tensile (squares) strain. The modulation span of the biexciton binding energy over the entire range 
of P=> reaches 100 µeV (Fig. 3(e)).  The biexciton binding energy is roughly given by ENNO = 2J?r − J?? − Jrr, where Jms stands 
for the direct Coulomb interaction between carriers 𝑖𝑖	and 𝑗𝑗. Compression (tension) along the QD polar axis would result in an 
increase (decrease) of the electron-hole attraction J?r thus increasing (decreasing) ENNO
27,34,35. The opposite holds for strain 
perpendicular to the polar axis, which would mainly affect the repulsive electron-electron (J??) and hole-hole (Jrr) interactions. 
Consequently, changes in ENNO  with increasing SAW intensity (Fig. 3(e)) are consistent with the effect of lateral size variation 
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of the confinement potential on the biexciton binding energy, as reported for III-Nitride QDs27,34,35. The observed trend can 
thus be explained by the effect of the SAW strain field and some possible contribution of the SAW-induced electric field 
parallel to the c-axis on the QD confining potential30, affecting the Coulomb interactions within the four-particle biexciton 
complex. 
In summary, we have demonstrated the SAW-driven modulation of the optical emission of a single GaN/InGaN nanowire-
QD. We show that the acousto-mechanical coupling shifts the QD energy levels giving rise to a characteristic splitting (up to 
1.5 meV) of the excitonic transition energies. The SAW fields also induce a monotonic change of the biexciton binding energy 
without any appreciable degradation of the emission, thus providing a reliable tool for in situ control of the exciton-biexciton 
system. By collecting photons in a narrow energy range, the dynamic spectral tuning reported here can be readily used to 
control the QD emission times and obtain triggered single photon sources operating at acoustic frequencies without the need 
for a pulsed laser, as reported for III-As QDs in Ref.8.  
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Spanish MINECO (contracts MAT2011-22997 and MAT2014-53119-C2-1-R) and the CAM (contract S2009/ESP-1503) is 
gratefully acknowledged.  
1C. Rocke, S. Zimmermann, A. Wixforth, J. P. Kotthaus, G. Böhm, and G. Weimann, Phys. Rev. Lett. 78, 4099 (1997). 
2P. V. Santos, F. Alsina, J. A. H. Stotz, R. Hey, S. Eshlaghi, and A. D. Wieck, Phys. Rev. B 69, 155318 (2004). 
3S. Völk, F. Knall, F. J. R. Schülein, T. A. Truong, H. Kim, P. M. Petroff, A. Wixforth, and H. J. Krenner, Appl. Phys. Lett. 
98, 023109 (2011). 
4F. Alsina, P. V. Santos, H.-P. Schönherr, W. Seidel, K. H. Ploog, and R. Nötzel, Phys. Rev. B 66, 165330 (2002). 
5J. Ebbecke, S. Maisch, A. Wixforth, R. Calarco, R. Meijers, M. Marso, and H. Lüth, Nanotechnology 19, 275708 (2008). 
6J. B. Kinzel, D. Rudolph, M. Bichler, G. Abstreiter, J. J. Finley, G. Koblmüller, A. Wixforth, and H. J. Krenner, Nano Lett. 
11, 1512 (2011). 
7C. Wiele, F. Haake, C. Rocke, and A. Wixforth, Phys. Rev. A 58, R2680 (1998).  
8J. R. Gell, M. B. Ward, R. J. Young, R. M. Stevenson, P. Atkinson, D. Anderson, G. A. C. Jones, D. A. Ritchie, and A. J. 
Shields, Appl. Phys. Lett. 93, 081115 (2008). 
9O. D. D. Couto, S. Lazić, F. Iikawa, J. A. H. Stotz, U. Jahn, R. Hey, and P. V. Santos, Nat. Photonics 3, 645 (2009). 
10S. Völk, F. J. R. Schülein, F. Knall, D. Reuter, A. D. Wieck, T. A. Truong, H. Kim, P. M. Petroff, A. Wixforth, and H. J. 
Krenner, Nano Lett. 10, 3399 (2010). 
11J. Pustiowski, K. Müller, M. Bichler, G. Koblmüller, J. J. Finley, A. Wixforth, and H. J. Krenner, Appl. Phys. Lett. 106, 
013107 (2015). 
12C. Brüggemann, A. V. Akimov, A. V. Scherbakov, M. Bombeck, C. Schneider, S. Höfling, A. Forchel, D. R. Yakovlev, and 
M. Bayer, Nat. Photonics 6, 30 (2012). 
13R. P. G. McNeil, M. Kataoka, C. J. B. Ford, C. H. W. Barnes, D. Anderson, G. A. C. Jones, I. Farrer, and D. A. Ritchie, 
Nature 477, 439 (2011). 
14M. J. A. Schütz, E. M. Kessler, G. Giedke, L. M. K. Vandersypen, M. D. Lukin, and J. I. Cirac, arXiv:1504.05127v1 [quant-
ph] (2015). 
15F. Ding, R. Singh, J. D. Plumhof, T. Zander, V. Křápek, Y. H. Chen, M. Benyoucef, V. Zwiller, K. Dörr, G. Bester, A. 
Rastelli, and O. G. Schmidt, Phys. Rev. Lett.  104, 067405 (2010). 
16Y. Takagaki, P. V. Santos, E. Wiebicke, O. Brandt, H. –P. Schönherr, and K. H. Ploog, Appl. Phys. Lett. 81, 2538 (2002). 
17J. Camacho, P. V. Santos, F. Alsina, M. Ramsteiner, K. H. Ploog, A. Cantarero, H. Obloh, and J. Wagner, J. Appl. Phys. 94, 
1892 (2003). 
9 
 
18S. Lazić, E. Chernysheva, Ž. Gačević, N. García-Lepetit, H. P. van der Meulen, M. Müller, F. Bertram, P. Veit, J. Christen, A. 
Torres-Pardo, J. M. González Calbet, E. Calleja, and J. M. Calleja, Proc. SPIE 9363, Gallium Nitride Materials and Devices 
X, 93630U (2015), doi:10.1117/12.2074898. 
19H. Sekiguchi, K. Kishino, and A. Kikuchi, phys. stat. sol. (c) 10, 2374 (2010). 
20M. J. Holmes, K. Choi, S. Kako, M. Arita and Y. Arakawa, Nano Lett. 14, 982 (2014). 
21S. Albert, A. Bengoechea-Encabo, P. Lefebvre, F. Barbagini, M. A. Sanchez-Garcia, E. Calleja, U. Jahn, and A. Trampert, 
Appl. Phys. Lett. 100, 231906 (2012). 
22K. Yamanouchi, C. H. S. Lee, K. Yamamoto, T. Meguro, and H. Odagawa, IEEE Ultrason. Symp. (IEEE New York, 1992) 
p. 139. 
23A. Hernández-Mínguez, M. Möller, S. Breuer, C. Pfüller, C. Somaschini, S. Lazić, O. Brandt, A. García-Cristóbal, M. M. de 
Lima Jr., A. Cantarero, L. Geelhaar, H. Riechert, and P. V. Santos, Nano Lett. 12, 252 (2012).  
24M. Weiß, J. B. Kinzel, F. J. R. Schülein, M. Heigl, D. Rudolph,S. Morkötter, M. Döblinger, M. Bichler, G. Abstreiter, J. J. 
Finley, G. Koblmüller, A. Wixforth, and H. J. Krenner, Nano Lett. 14, 2256 (2014). 
25M. A. Reshchikov and H. Morkoç, J. Appl. Phys. 97, 061301 (2005). 
26R. Bardoux, T. Guillet, B. Gil, P. Lefebvre, T. Bretagnon, T. Taliercio, S. Rousset, and F. Semond, Appl. Phys. Lett. 77, 
235315 (2008). 
27S. Amloy, K. F. Karlsson, M. O. Eriksson, J. Palisaitis, P. O. Å. Persson, Y. T. Chen, K. H. Chen, H. C. Hsu, C. L. Hsiao, L. 
C. Chen, and P. O. Holtz, Nanotechnology 25, 495702 (2014). 
28K. Sebdal, J. Kalden, S. Herlufsen, H. Lohmeyer, C. Tessarek, T. Yamaguchi, S. Figge, D. Hommel, and J. Gutowski, phys. 
stat. sol. (c) 4, 872 (2009). 
29T. Nakaoka, S. Kako, and Y. Arakawa, Physica E 32, 148 (2006). 
30A. F. Jarjour, R. A. Oliver, A. Tahraoui, M. J. Kappers, C. J. Humphreys and R. A. Taylor, Phys. Rev. Lett. 99, 197403 
(2007). 
31M. M. de Lima, Jr. and P. V. Santos, Rep. Prog. Phys. 68, 1639 (2005). 
32T. Nakaoka, S. Kako and Y. Arakawa, Phys. Rev. B 73, 121205 (2006). 
33S. P. Łepkowski, I. Gorczyca, K. Stefańska-Skrobas, N. E. Christensen, and A. Svane, Phys, Rev. B 88, 081202R (2013). 
34D. Simeonov, A. Dussaigne, R. Butté, and N. Grandjean, Phys. Rev. B 77, 075306 (2008). 
35S. Amloy, K. H. Yu, K. F. Karlsson, R. Farivar, T. G. Andersson, and P. O. Holtz, Appl. Phys. Lett. 99, 251903 (2011). 
 
 
